Morphological Computation is a concept used in robotics that sees physical bodies of robots as means to carry out computations that are relevant for their successful interaction with the environment. It is inspired by observations in nature where we can see that the morphology (i.e. the shape as well the dynamic properties of the body) of biological systems is playing a crucial role for the emergence of intelligent behavior. Although there are a number of successful implementations of this concept in robotics, there are still challenges to overcome. One is that any functionality implemented in a morphology is deemed to be fixed. However, truly autonomous robots should be highly flexible and are expected to be able to adapt to changes in the environment and to new tasks. In case of morphological computation, in order to change the desired computation to be carried out, the underlying morphology has to be altered. A solution is to introduce mechanisms that enable the robot to make these changes online, often referred to as morphosis. We introduce and discuss a general notion of morphosis from the view point of dynamical systems theory, highlight the concept by examples from robotics, and elaborate on the wide-reaching implications with respect to the design of highly autonomous robots.
Introduction
There are numerous robotic examples that apply morphological computation as design principle. They all use the robot's body dynamics to carry out (implicitly, or explicitly) relevant computational tasks including nonlinear processing, transforming, and transmitting information. Successful implementations include highly robust locomotion, like running [17] , swimming [22, 7] , flying [18] , as well the combination of different locomotion modes [3, 2, 4] . It has also been shown that morphological computation is useful in the context of grasping [1] , sensing [13] , as well facilitating communication [15, 16] and control [14] . Although morphological computation has been successfully applied, and, theoretically, there is almost no limitation with respect to which computations can be carried in morphological structures [9, 10] , there are still a number of challenges that have to be addressed. One is the limitation that once a computation is implemented in a certain morphology, it will be fixed. This is a problem if we want to build highly autonomous systems that are able to adapt to changes in the environment or to new tasks. Recently, there has been an effort to incorporate mechanisms that overcome this limitation by enabling the robot to dynamically reconfigure its morphology. Often referred to as adaptive morphology or morphosis, this concept has strong implications regarding the possibility to build highly robust systems, simplifying control, and implementing hierarchical control structures that might form the basis for higher cognitive functions.
Morphosis from the perspective of dynamical systems theory
A number of mechanisms have been proposed to vary morphological parameters online. These include simple variable impedance and damping systems that can help to increase the range of conditions in which a robot is able to work properly, e.g. as in [20] . Some robotic systems go beyond that by allowing a reconfiguration of the morphological structure that results in a qualitative change in the behaviour of the robot [21, 5, 6] . Both approaches implement the idea of morphosis. To better understand this concept, we propose to look at it from the dynamical systems' point of view.
For the sake of simplicity, let's consider an arbitrary stable one-dimensional dynamical system (note that the underlying concepts are scalable). The left part of Figure 1A (i.e. behaviour A) shows an example of the attractor landscape of such a system with one stable equilibrium point located at the bottom of the "valley". If the system is perturbed, its own body dynamics will bring it automatically back to this point (blue arrow). By changing the parameters of the dynamical system (i.e. changing morphology), we can get a different response. For example, we can make the valley steeper if we make the mechanics stiffer. If the dynamics of the body are complex enough, we can have two (or more) equilibrium points, representing different (locally) stable behaviours, see both sides of Figure 1A . The question is how can we move from one equilibrium point (i.e. one behaviour) to another? As it turns out this is very simple: The system has to get pushed into the right direction to get over the energy hump between them. Note that the required control is low-dimensional and it can be rather imprecise. The direction of the force can vary (compare red arrows in Figure 1A ) and the amplitude just needs to be big enough to overcome the hump between the two valleys. The rest is done by the attractor landscapes of the local equilibrium points. Also, energy is only required during the change. While this is very promising and has a great potential (see [11, 10] for examples), this is not morphosis yet. Now, instead of having a fixed attractor landscape we can imaging morphosis as a way to dynamically reshape the attractor landscape online (see Figure 1B) . By reshaping ("reprogramming") the body, morphosis enables the robot to easily switch among a set of different behaviours. As before, the control can be low-dimensional, imprecise, and is typically very energy efficient. Morphosis therefore further simplifies the control problem by outsourcing parts of the control to the morphology in form of attractor landscapes. It also provides a form of abstraction that implements implicitly a control hierarchy. As a consequence, building upon morphological computation and morphosis might lead us the way to achieve higher cognitive functions. Having discussed the notion of morphosis in the context of dynamical system theory, we are now ready to look at three robotic examples to underline the idea and to demonstrate its potential.
Example 1: Morphosis to achieve energy efficient locomotion
The most straightforward implementation of morphosis in locomotion consists in changing leg stiffness. A number of different variable compliant mechanisms have been proposed for that. One of them, MESTRAN [19] , was used in the knee joint in the hopping robot leg shown in Figure 2A . The idea of this setup was to mimic a behavior observed in humans and other animals, which adapt their leg stiffness depending on ground conditions in order to locomote in an energy efficient manner. The experimental setup in Figure 2A allowed to vary systematically the stiffness of the ground. The robot leg was driven by a simple sinusoidal control signal applied at the hip motor. The knee joint was passive, but it was possible to adjust its stiffness.
It was shown that there exist one optimal stiffness for each of the explored different ground stiffness values, resulting in minimal energy consumption [20] . This points to the great potential of morphosis to increase energy efficiency and versatility of robots over a wide range of environmental conditions.
Example 2: Morphosis to change gait
Locomotion in different environments (slopes, steps, roughness of the terrain, etc.) calls for different leg and foot trajectories. Vu et al. [21] developed a robot platform to explore this idea with the help of morphosis. The basic leg design was a crank-slider mechanism translating a simple control signal (i.e., constant rotational velocity) into two-dimensional leg trajectories (compare Figure 2B) . The morphosis mechanism changed the way the rotational movement was translated, while the control remained unchanged. The result was a range of different end point trajectories (see Figure 2B ) that can be useful for different terrains. Note that morphosis only takes place when there is a need for a change as opposed to the continuously running, rotational hip motor. As a result, the morphosis motor could be small, not very demanding, and could even be switched off during stable locomotion. This robotic prototype demonstrates how morphosis can help to increase the number of possible behaviors (gaits, in this case) within one robot design.
Example 3: Automated evolutionary design targeting morphosis
A complete design pipeline targeting morphosis was introduced in [5] . The case study is the locomotion of a soft underwater robot (PoseiDRONE, see [2, 3] ) (Fig.  2C) . A model of the robot dynamics was developed and fed into an evolutionary engine that, by tweaking a number of morphological parameters (24 in total), discovered thousands of alternative robot designs by maximizing a metric of behavioral novelty. This novelty metric was computed in a behavioral space defined by some locomotion-specific features. A clustering procedure was then implemented in the space spanned by the morphological parameters that evolution could modify, in order to identify groups of similar morphologies. At this point, an algorithm searched inside each cluster for similar morphologies that maximally differ in their behavior (i.e. that are far apart in the behavioral space): these are good candidates for morphosis. The procedure was able to discover several configurations in which the robot was able to dramatically and qualitatively change its behavior by slightly adjusting a single morphological parameter, in presence of a constant open loop control. For example, by slightly rearranging their bodies, discovered robots could switch from walking to swimming, from crawling to hopping (compare Figure 2C) , and others. Moreover, once morphosis was triggered, the transition between one morphology (and its associated behavior) to another did not have to be actively and precisely controlled, and relied in fact on the robustness and self-stabilizing properties of the attractor landscapes shaped by morphosis. 
Outlooks and conclusions
The concept of adaptive morphology/morphosis has been discussed from the view point of dynamical system theory. The presented robotic examples suggest a number of advantages. Morphosis can increase the range of operative conditions in which a robot is able to work. It also enables the implementation of different (robust) behaviours that resort on the power of morphology instead of on complex controllers, implying a new way to design versatile robots. Morphosis also implicitly establishes a hierarchical control structure, further reducing the control complexity. It also allows for imprecise high-level control signals, which can help robot to operate in noisy, real-world scenarios. Looking more into the future, morphosis will play a crucial role in artificially growing [8] and self-healing systems. Control systems will benefit from adaptive and reconfigurable bodies, that will take care of most of the low level control thus freeing resources for higher level and, ultimately, cognitive tasks. In order to exploit these ideas, processes to optimize morphologies will be needed [12, 8] , allowing them to adapt during their lifetime and react to environmental stimuli [8] . Ultimately, these concepts will enable more robust, adaptive and intelligent robots, helping robotic technology to become truly pervasive.
